Abstract: New techniques for both finite-element model updating and damage localization are presented using multiresponse nondestructive test ͑NDT͒ data. A new protocol for combining multiple parameter estimation algorithms for model updating is presented along with an illustrative example. This approach allows for the simultaneous use of both static and modal NDT data to perform model updating at the element level. A new damage index based on multiresponse NDT data is presented for damage localization of structures. This index is based on static and modal strain energy changes in a structure as a result of damage. This method depicts changes in physical properties of each structural element compared to its initial state using NDT data. Deficient or potentially damaged structural elements are then selected as the unknown parameters to be updated by parameter estimation. Error function normalization, error function stacking, and multiresponse parameter estimation methods are proposed for using multiple data types for simultaneous stiffness and mass parameter estimation. Also, multiple sets of measurements with various sizes and missing data points can be utilized. This paper uses a laboratory grid model of a bridge deck built at the University of Cincinnati Infrastructure Institute and the corresponding NDT data for validation of the above damage localization and model updating methods. Multiresponse parameter estimation has been utilized to update the stiffness of bearing pads, and both the stiffness and mass of the connections, using static and dynamic NDT data. The static and modal responses of the updated grid model presented a closer match with the NDT data than the responses from the initial model.
Introduction
Structural damage and defects occur in civil engineering structures for a variety of reasons, such as a corrosive environment, aging, fatigue loading, or the result of a collision with a foreign object. Structural parameter estimation is the art of reconciling an a priori finite-element model ͑FEM͒ of the structure with nondestructive test ͑NDT͒ data and has enormous potential for use in FEM updating as part of a structural condition assessment program for in-service structures, such as bridges. Primarily, structural parameter estimation can be used to quantify structural damages, to validate the baseline structural model, and to update the parameters of the assumed model. In cases where a baseline model of the structure is available, it can be used to monitor the condition of the structure over its service life, detecting anomalies and changes in the structural components over a period of time. This method requires some knowledge of damage and hence is used in conjunction with a damage localization method. Structural parameter estimation can be integrated into a structural model updating program for condition assessment on in-service structures.
This paper presents a reliable damage localization method that focuses on whether, where, and how much a structure is damaged using NDT data. In addition, it addresses several challenges associated with parameter estimation for model updating and offers unique and robust techniques to alleviate some of the challenges. The proposed method is complementary to visual inspection and other NDT techniques that may contribute to the complete structural health monitoring paradigm. Specifically, this method provides an updated structural model representing the current in situ condition of the structure that can be used to simulate scenarios of seismic or nonseismic retrofitting, if necessary.
Though many damage localization methods have been proposed over the years, a need remains to develop a cost-effective and robust damage detection theory that can perform well under realistic testing conditions for use with multiple-response parameter estimation for model updating. For civil engineering structures that are large, complex, and often indeterminate, this means that the damage localization process must be successful even with sparse, error-contaminated measurements. The more popular damage localization methods in the literature utilize modal parameters such as frequency ͑Friswell et al. 1994͒, flexibility ͑Raghavendrachar and Aktan 1992; Bernal 2002͒, stiffness ͑Zim-merman and Kaouk 1994͒, and mode shape curvature ͑Pandey et al. 1991͒ . Perhaps the most promising damage detection methods involve modal strain energy, such as the damage index method originated by Stubbs et al. ͑1995͒ and expanded upon by Park et al. ͑1998͒ and Stubbs ͑2002͒ . In addition, there have been other researchers that have used modal strain energy as an indicator of damage. Shi et al. ͑1998͒ proposed the modal strain energy change ratio ͑MSECR͒, based on the modal strain energy change in each structural element before and after the occurrence of damage.
After performing damage localization, it is necessary to quantify the amount of damage present in the structural members. This can be achieved using structural parameter estimation methods. The selection of measurement types and locations for NDT and selection of the error functions to be used for structural parameter estimation depends primarily upon the type and location of damage in a given structure. These factors will affect both the quality and reliability of the parameter estimates.
With recent advancement in computational capabilities, more advanced methods of both parameter estimation and model updating have been developed. Farrar Multiresponse parameter estimation creates a platform that allows for the simultaneous use of several different measurement locations and types for structural parameter estimation. Each load case ͑LC͒ or mode of vibration ͑MV͒ induces different behavior in the structure; therefore it is intuitive that different measurements will provides the most robust and useful information for parameter estimation and model updating ͑Santini-Bell and Sanayei 2005͒.
In order to facilitate a proper combination of multiple error functions, an error function normalization ͑EFN͒ technique is also used. The EFN technique not only creates unitless error functions for combining, but it also smooths the sometimes jagged error surface without degrading the integrity of the error function itself. These new tools significantly expand the capability and options available to the user for parameter estimation, while at the same time requiring a more sophisticated user for proper and effective parameter estimation.
For most civil engineering structures, usually the mass of structural members is assumed to be known with a high degree of certainty. However, even small differences in assumed material properties can affect the mass and dynamic responses such as natural frequencies and mode shapes of the structure. The issue of mass parameter updating has received attention primarily from the aerospace and mechanical industries. Baruch ͑1998͒ presented a method for estimating the changes in the mass matrix of a structure while assuming the stiffness matrix to be completely known. Kiddy and Pines ͑1998͒ demonstrated the simultaneous updating of mass and stiffness using a sensitivity-based approach, and suggested using a constraint to the parameter estimation process for eliminating the simultaneous updating problems using the NDT modal data alone as mentioned by Baruch ͑1997͒. Sanayei et al. ͑1999͒ introduced a method based on natural frequencies and mode shapes measured at selected subset of degrees of freedom ͑DOF͒ for stiffness and mass estimation; however this method was not extended for mass estimation for the structural members other than the foundation, thus limiting its applicability.
A damage localization method in conjunction with multiresponse parameter estimation and mass parameter updating is proposed to allow the estimation of masses of structural members such as beams and columns and to add the capability of simultaneous stiffness and mass parameter estimation for various structural members for model updating. The initial finite-element model of the University of Cincinnati Infrastructure Institute ͑UCII͒ bridge deck was developed based on preliminary calculations and available drawings. The unknown parameters were selected for the UCII grid model based on the results of damage localization, and were successfully updated using structural parameter estimation methods. This paper presents both the updated structural stiffness and mass parameters of the grid model using a few subsets of static and dynamic NDT measurements. The response from the updated model resulted in a more superior match with the NDT data than the initial FEM of the bridge deck.
UCII Bridge Deck Laboratory Model
The bridge deck laboratory model ͑UCII grid͒ was designed, constructed, and tested at the University of Cincinnati Infrastructure Institute to simulate the behavior of a steel bridge deck. The experimental data on the physical steel grid test specimen were provided to Tufts University and Northeastern University researchers within the framework of a multiuniversity NSF grant to explore bridge structural identification ͑Aktan et al. 1997a͒. Fig. 1 represents a schematic of UCII grid's final design. The model was 3.65 m ͑12 ft͒ ϫ 1.83 m ͑6 ft͒ and the grid members were 7.62 cm ͑3 in.͒ ϫ 5.08 cm ͑2 in.͒ ϫ 0.476 cm ͑3/16 in.͒ structural steel tubing in both the transverse and longitudinal directions. The longitudinal and transverse members were connected using 0.476 cm ͑3/16 in.͒ steel cover plates with 5.08 cm ͑2 in.͒ ϫ 5.08 cm ͑2 in.͒ ϫ 0.476 cm ͑3/16 in.͒ cleat angles and 0.635 cm ͑1/4 in.͒ diameter A307 bolts. Detailed construction drawings for each type of connection are shown in Fig. 2 .
The model's connections were designed to support the predetermined maximum static load of 666 N ͑150 lb͒. Also, the UCII grid was designed so the significant modal information for parameter estimation could be measured within the 0 -100 Hz range. Aktan et al. 1997b͒ This is a practical frequency range because most typical steelstringer bridges have measurable modes within this range. The testing procedure for the UCII grid was also designed to excite the structure within the linear elastic range.
Nondestructive Testing of the UCII Grid
For the static NDT, vertical displacements, rotations and strains were recorded. Three identical static NDT were conducted on the UCII grid over 2 days. Based on the data quality analysis performed by Northeastern University ͑Wadia-Fascetti et al. 1999͒ only static data from the third test was used for parameter estimation, specifically static strains and vertical displacements.
Experimental modal analysis was used to determine the UCII grid's modal parameters from measured frequency response functions. In the modal testing, the response of the structure to impact was measured in the vertical direction at each member intersection. Next, the measured data was processed using frequency and time domain techniques to obtain the modal parameters of the structure. Primarily, the stiffness of connections and structural tubing, and the vertical stiffness of the bearing pads were the target of parameter estimation using the vertical deflections of the UCII grid.
Finite-Element Model for UCII Grid
The FEM for the UCII grid was created in the x-y horizontal plane, with the z axis placed in the vertical ͑gravity͒ direction. The FEM consisted of 85 nodes, 96 beam elements, and four bearing pad stiffness matrices ͑Santini 2003͒. Three-dimensional beam elements were used to represent both the beams and the connections zones. For the bearing pads, linear springs with stiffness only in the gravity direction were used. Table 1 lists initial assumed properties for the UCII grid. The material properties for all beam elements were based on Grade 50 ksi steel; thus E = 200 GPa ͑29ϫ 10 6 psi͒ and = 652.8 kg/ m 3 ͑7.324ϫ 10 −4 lbs s 2 / in./ in. 3 ͒. The I yy of the connections was found to have no major influence on the analysis as the major bending is about the local xx axis or vertical direction ͑Javdekar 2004͒. The section properties for the tubes were taken directly from the AISC Manual of Steel Construction ͑1996͒ for a TSS 7.62 cm ͑3 in.͒ ϫ 5.08 cm ͑2 in.͒ ϫ 0.476 cm ͑3/16 in.͒ tube. The section properties for the connections were calculated considering both the tubing and the connection plate as part of the section. The finite element model used for damage localization of the UCII grid is shown in Fig. 3 . It consists of bending elements for members and connections. The four neoprene pads are modeled with axial elements. The initial stiffness of each bearing pad in the vertical direction was assumed to be 4,378 N / cm ͑2.5 kips/ in.͒, which is consistent with the initial stiffness of bearing pads for the load tests that were conducted at UCII ͑Aktan et al. 1997a͒. No adjustments were made to A ͑the cross-sectional area used for member axial stiffness calculation͒. In order to account for the additional weight of the bolts, the clip angles, and sensors or the loss of weight due to drilled holes, the cross-sectional area representing the mass was adjusted A m of the section. Therefore, mass per unit length of each member is A m . EI xx represents member bending rigidity in the gravity direction.
Multiresponse Damage Localization
The underlying theory of the proposed damage index in this paper is that damage affects the strain energy distribution in a structure from its initial, undamaged state. Thus, in the corresponding FEM of the structure, the energy stored in each element is altered as a result of damage. Moreover, the largest change in strain energy between the initial "undamaged" state and the "damaged" state occurs at the damaged member or members. Note that here "damage" is used as an all-encompassing term to describe any change in a design parameter.
The starting point of this research was the modal-based damage index developed by Shi et al. ͑1998͒, namely the MSECR. In Shi's MSECR, the modal strain energy ͑MSE͒ is calculated for each element of the structure's FEM, for both the undamaged structure ͑denoted with the subscript "u"͒, and the structure after the onset of damage ͑denoted with the subscript "d"͒. The MSE on the elemental level is defined as the product of the elemental stiffness matrix, ͓k͔, and the second power of the elemental mode shape vector, ͕͖.
When only data from one mode ͑mode i͒ is available for damage localization, Shi's MSECR for element j is expressed as Eq. ͑1͒
When more than one mode is used to investigate damage, the MSECR is computed on a mode-per-mode basis. Then the ratio values are normalized with respect to the maximum MSECR in each mode ͑MSECR max i ͒, and the normalized values are averaged over all the modes. This is shown in Eq. ͑2͒. Here nmodesϭtotal number of modes available for the damage localization procedure
Multiresponse SE Change Ratio
The damage index presented in this paper is the multiresponse SE change ratio. This index can use a combination of static and modal data to locate damage, and it is derived from the same underlying principle as Shi's damage indicator.
After all strain energy values for each element of the FEM in the "undamaged" and "damaged" states are computed for each load case or each mode, they are normalized, so that the static and modal data can be combined without one type of response data overshadowing the other. Both the static and modal energies are normalized by the maximum "undamaged" strain energy in each load case or mode.
Next all of the "undamaged" strain energies, both static and modal, are summed to form the total strain energy for each element in the undamaged state of the structure, labeled SE u . Similarly, all of the "damaged" strain energies are summed to form the total strain energy for each element in the damaged state of the structure, labeled SE d . For element j, these formulations are shown in Eqs. ͑3͒ and ͑4͒. Note that nsf is analogous to nmodes; it is the "number of sets of forces" or the number of static load cases available for damage localization. Also, ͕q͖ϭelemental displacement vector for a particular static load case
For the formulation of the multiresponse SE change ratio, after the change in strain energy is calculated for element j, it is divided by the "undamaged" strain energy, in effect normalizing the change. This is shown in simplified notation in Eq. ͑5͒
The multiresponse SE change ratio is computed for all elements in the FEM. Then the damage indices are normalized with respect to the maximum absolute magnitude across all elements. Thus each element's damage index retains its original sign, and the maximum damage index is +1 or −1. It is important to use the absolute value in this normalization step, so that it will be apparent whether the damage corresponds to a decrease or increase in stiffness. When the damage index is negative, then the undamaged strain energy is less than the damaged strain energy, indicating damage has occurred as a loss of stiffness in that element. On the other hand, if the damage index is positive, then the undamaged strain energy is larger than the damaged strain energy and damage has occurred as a gain in stiffness in the element. The performance of the multiresponse SE change ratio was validated in several examples with numerically simulated data, using both determinate and indeterminate structures, as well as using both incomplete and contaminated measurements ͑Edelmann 2003͒. 
Damage Localization Applied to UCII Grid Example
In order to demonstrate the effectiveness of the proposed index, damage localization has been applied to real test data from the UCII grid. Prior to this investigation, it was decided that only the connections and four bearing pads would be considered as potential damage sites. Since all of the tubes were structural steel members of the same size, it was concluded that they were not likely to be damaged. The connections, on the other hand, could be stiffer or less stiff than anticipated, due to the possibility of differing bolt tightness. In a similar manner, the four bearing pads could be very different than expected, due to the nonlinear nature of the neoprene material ͑Santini 2003͒. Using simulated data, it was found that the multiresponse SE change ratio could identify the simulated damage when noisy, sparse measurements were used. It was also observed that a more accurate prediction of damage was obtained when a subset of the available test data was used, as opposed to the full set. More specifically, the best results were obtained when the static data was comprised of the vertical displacements only from load Cases C5, E3, G3, and I3, corresponding to the nomenclature given in Fig. 1 , and when the modal data were comprised of the vertical modal displacements from Modes 1-3.
Using the knowledge obtained from the simulated studies, the multiresponse SE change ratio was calculated with the subset of measured test data. The results obtained using the initial estimates of the UCII grid section properties are shown in Fig. 4͑a͒ . Note that for comparison purposes, the un-normalized values of the damage indices are displayed. Though there is considerable scatter in Fig. 4͑a͒ due to measuring and modeling errors, there are still some noticeable peaks, thereby suggesting that damage in the UCII grid can be located. Also the damage indices are all negative, signifying that the initial estimated stiffness values assigned to the members were too high.
As a means of verifying the damage localization results using NDT test data, a rudimentary model updating technique was performed. Essentially, through several iterations, the initial section properties of select elements in the UCII grid were reduced based on the peaks in the multiresponse SE change ratio. More specifically, the stiffness of the connection elements and the axial elements used to model the neoprene pads was reduced. The results for the final iteration of adjusted parameters for all 100 elements are illustrated in Fig. 4͑b͒ .
In comparing Fig. 4͑a͒ with Fig. 4͑b͒ , one can see that with the new section properties, the multiresponse SE change ratio bar plot is slightly cleaner and has fewer and smaller peaks. Thus, this indicates that there is less of a discrepancy between the analytical model of the UCII grid and the physical structure. The elements whose section properties were adjusted in this second iteration of damage localization are the pad stiffnesses and all exterior connections as marked in Fig. 3 . The reduction in connection stiffness would mean that the connection plates do not contribute significantly to the bending stiffness of the connection elements due to insufficient bolt tightness.
Overall, the results of damage localization on the UCII grid using NDT data show great potential. Using the multiresponse SE change ratio with select NDT data, several potentially "damaged" elements were identified. The next step is to use the information to perform parameter estimation for model updating at the element level.
Model Updating through Parameter Estimation
Structural model updating was performed using parameter identification system ͑PARIS͒, a program developed at Tufts University. PARIS ͑Sanayei 1997͒ is a MATLAB-based software package for parameter estimation and finite-element model updating using NDT data. This program can use static measurements ͑displacements, rotations, and strains͒ and natural resonance frequencies and associated mode shapes for parameter estimation. While several sensors are available on the market and have variable functions, costs, and technical implications regarding practical use, the choice of sensors is governed by the specific industry application ͑aerospace, buildings, transmission towers, mechanical systems, or laboratory usage͒, long-term monitoring or shortterm applications, accessibility of intended measurement locations for attaching the sensors on the structure, and cost con- Fig. 4 . Multiresponse SE change ratio for UCII grid: ͑a͒ initial section properties; ͑b͒ adjusted section properties siderations among other considerations. Generally, strain gauges and tilt meters are easier to attach on the structure, and are generally more robust than the LVDTs that measure displacements. However, the specific applications warrant specific measurements; for example, the deflection at the center of a girder may be needed requiring the use of displacement measurements. Environmental considerations such as temperature and humidity level, or spatial constraints such as inaccessibility of measurement locations, may warrant special considerations for all types of sensors. Hence, each individual structural health-monitoring project would need specific sensor solutions catered to its specific needs. PARIS can simultaneously use different types of loadings and sets of sparse measurements for parameter estimation. PARIS was used for all parameter estimations of the UCII grid presented in this paper.
Static Flexibility-Based Error Function
The static flexibility based error function, ͓E sf ͑p͔͒, ͑Sanayei et al. 1997͒ is developed using the finite-element equilibrium Eq. ͑6͒ for linear elastic structures. Using partitioning and static condensation of Eq. ͑6͒, the unmeasured displacements are removed for the error function resulting in an algebraically nonlinear error function
Through partitioning and condensation unused DOF the residual displacements in Eq. ͑6͒, ͓E sf ͑p͔͒, is determined at the measured subset of DOF as shown in Eq. ͑7͒. ͓U predicted ͔ϭcalculated set of displacements and ͓U measured ͔ϭmeasured set
Modal Flexibility-Based Error Function
The basis for the modal flexibility-based error function, ͓E mf ͑p͔͒ ͑Arya et al. 1998͒ is the characteristic Eq. ͑8͒, which is a function of the mass matrix, ͓M͔, and the stiffness matrix ͓K͔. The square of natural frequencies or eigenvalues, i , and the associated modes of vibration or eigenvectors, ͕⌽͖ i , represent the undamped dynamic equilibrium for the ith mode
Similar to the formulation of ͓E sf ͑p͔͒, through partitioning and condensation unused DOF, the residual vector ͕E mf ͑p͖͒ is obtained. This equation is based on basic modal analysis theory and uses the stiffness and mass submatrices to represent the residual modal forces in Eq. ͑9͒
where i = 1 to the number of measured modes.
Minimization of Error Function
Regardless of the error functions used, the same minimization techniques are employed. The search for the parameter estimates is led by the minimization of the objective function, J͑p͒, that is the Frobenius norm of any error function ͓see Eq. ͑10͔͒
͑10͒
where i = measured DOF and j = measured load case or mode of vibration
The basis of the minimization procedure is detailed in Eq. ͑11͒
Minimize J͑p͒ w.r.t. ͕p͖ Յ upper limit ͕p͖ Ն lower limit ͑11͒
where the user defines the upper and lower limits of the stiffness and mass parameters. Each column of the ͓E͑p͔͒ matrix is vertically appended to form a vector ͑NMϫ 1͒, ͕E͑p͖͒, where NMϭtotal number of measurements used for parameter estimation. Since for most parameter estimation cases, all DOF are not measured, ͕E͑p͖͒ is typically an algebraically nonlinear function of the unknown parameters, ͕p͖. Therefore ͕E͑p͖͒ is linearized through a Taylor series expansion ͓see Eq. ͑12͒ for use in Eq. ͑10͔͒
In Eq. ͑12͒ ͓S͑p͔͒ϭsensitivity matrix of size NMϫ NUP and NUPϭnumber of unknown parameters. Eq. ͑12͒ is essentially the partial derivative of ͕E͑p͖͒ with respect to the unknown parameters ͕p͖.
In the above formulation, any combination of stiffness and mass parameters p k and p m , respectively, may be specified as unknown parameters. Thus
If the same cross-sectional area, A, is used to calculate both axial stiffness and the mass of a structural member it will not be possible to model a different mass other than the one obtained using area, A, and in reality, some masses may be higher or lower for some members due to the weight of sensors or minor structural members such as connection angles, nuts, washers, etc. This can be corrected by specifying two separate cross-sectional area parameters: ͑1͒ A k , used to calculate the axial stiffness EA; and ͑2͒ A m , used to represent the cross-sectional area of the structural members or group of members, or lumped masses of the foundation and can be used as the mass parameter to calculate elemental mass. Also, it is assumed that the mass and stiffness are independent of each other and have no interdependencies. By evaluating both the error function and sensitivity matrix, only once per parameter estimation iteration as is conventionally done, every LC or MV had to use the same subset of multiDOF ͑MDOF͒. This procedure presented a difficulty if one sensor was determined to be unreliable for one load case but reliable for others, forcing the sensor to be eliminated for all load cases causing potentially valuable data to be disregarded.
Standard parameter estimation evaluates the error function and sensitivity matrices once per iteration for all active LC or MV. Stacking parameter estimation evaluates the error function and sensitivity matrix for each LC or MV, individually. The stacking method produces vectors for ͕E͑p͖͒ i and ͕S͑p͖͒ i , therefore eliminating the vectorization step in the standard method. The same concatenation procedure to create ͓S͑p͔͒ is done. Once this occurs for each LC or MV then both ͕E͑p͖͒ and ͓S͑p͔͒ are stacked vertically, Eq. ͑14͒ and ͑15͒, respectively. These vectors and matrices of various column sizes are then concatenated as follows:
where i = 1 -n n = number of active load cases
where i = 1 -n n = number of active load cases Using stacking, the user has more control over the information input, which can now include both static and modal data. Thus there is a more efficient use of information collected from a NDT. This stacking procedure can be applied to the combination of LC or MV from the same error function or from different error functions. The user must consider the unknown parameters and the response of the structure to each LC or MV when selecting MDOF. The units of each error function to be combined must be considered as well. Using EFN each error function becomes unitless, thereby decreasing the chance that one error function would overshadow another error function. When normalizing the error function, the parameter estimation process is manipulated at its core. The error function ͑residual function͒ is the basis for the parameter estimation procedure. The cells of the error function matrix can vary significantly in size. The disparity between cell values in the error matrix can magnify the peaks and valleys that are inherent to the objective function ͑cost function͒ surface, complicating the parameter estimation. The role of EFN is to smooth the error surface without muting the actual global minimum.
The proposed EFN method uses the initial value of the error function matrix, ͓E 0 ͑p͔͒, based on the initial parameter values. This type of normalization not only creates a unitless ͓E͑p͔͒, but it also serves as a weighting mechanism for each cell of the error function matrix. The normalization vehicle does not change throughout the parameter estimation procedure, as shown in Eq. ͑16͒
UCII Grid Model Updating
The primary goal of this research was to update the FEM of the UCII grid to closely mimic the NDT data. The multiresponse damage indices in Fig. 4 showed that the four bearing pads and the moment of inertias of connection zones, especially the external connections, could be different from initial assumptions. Additionally, connection masses were considered to be unknown due to the presence of bolts, bolt holes, and connection angles. Therefore, the unknown parameters were the vertical stiffness of each bearing pad, the moment of inertias, and the masses of the connections. The elements that are targeted for parameter estimation and model updating are marked on the FEM as shown in Fig. 3 . The same type of unknown parameters that were expected to have the same values were grouped together to limit the total number of unknown parameters and number of measurements required for parameter estimation. The grouped parameters are the moment of inertia and the masses of the connections. The unknown parameter groupings were created as indicated by the results of damage localization. The connections were grouped into "outer" and "inner" connections as shown in Fig. 5 . The four bearing pads used to support the UCII grid offer variable stiffness as the UCII team observed ͑Aktan et al. 1997b͒ and therefore were considered as four independent unknown parameters. For the results presented in this paper, parameter estimation was conducted in two stages. First, the four bearing pads and the two grouped moment of inertias of the inner and outer connections ͑I inner , and I outer ͒ were estimated using static NDT data. Next, the results of the previous parameter estimation were used progressively as initial values to estimate the two grouped masses of the interior and exterior connections ͑Am inner and Am outer ͒.
The load Cases E-3, G-3, and I-3, were selected during data quality checks ͑Wadia-Fascetti et al. 1999͒. The static measurements selected were vertical measurements at Nodes G-3, I-3, K-1, K-3, and K-5 in addition to the vertical measurements at the four bearing pads at A-1, A-5, M-1, and M-5. These 11 measurements were selected based on a new measurement selection technique developed using Fisher information matrix based on the sensitivity matrix ͑Sanayei and Javdekar 2002͒. These measurements were used for simultaneous estimation of four bearing pad stiffness ͑K͒, and two grouped connection moment of inertias ͑I͒. A by-product of using different measured responses is the different units associated with those measurements, EFN was used to alleviate the numerical differences without impacting the integrity of the algorithm ͑Santini 2003͒. Table 2 presents the results of simultaneous updating of the four bearing pad stiffness values and two-moments of inertia using error function normalization based on the initial values of the error function ͑Slavsky 2005͒. The first three columns in this table indicate the error function used and loads and MDOF, respectively. In this case, the static flexibility error function ͑SF͒ was used for parameter estimation. Columns 4-9 indicate the unknown parameters, namely two grouped moment of inertias and four bearing pad vertical stiffnesses. It was observed that the outer connections were estimated to have higher stiffness than the inner connections. The inner connections were observed to have more or less the same values as initially assumed. The pad stiffness values were estimated to be higher than the assumed initial values and within the range of acceptable stiffness values.
The parameter values from Table 2 were used as the initial values for the mass-based parameter estimation. Table 3 presents the results of two grouped masses of the connections using Modes 1, 2, 3, 6, and 9, and all the 21 available vertical modal displacements ͑Slavsky 2005͒. These modes were selected based on the modal assurance criteria ͑MAC͒ value comparison between the initial parameter guess and the NDT data ͑Table 4͒, ͑Slavsky 2005͒. The modal coupling of Modes 4 and 5 and the modal mismatch between Modes 6, 7, and 8 directed the selection of the measured modes shapes. After updating the FEM using the static parameter estimates the mismatch of Mode 6 was automatically corrected. As a result only the matching and uncoupled Modes of 1, 2, 3, 6, and 9 were used. Columns 1-3 of Table 2 represent the error function used, the modes, and measured DOF used for parameter estimation. In this case, modal flexibility error function ͑MF͒ was used for mass parameter estimation. Columns 4 and 5 represent the unknown mass areas of the outer and inner connections, respectively. It was observed that the mass area estimates obtained were smaller than initially assumed. The parameter estimates obtained were used to update the model of the UCII grid. Fig. 6 shows the plot of NDT static displacements, responses of the initial and the updated model along Lines 1, 3, and 5 for two load Case G3 ͑Slavsky 2005͒. It can be observed that the updated model represents a much better static match with the NDT data along lines 1, 3, and 5. The displacements at the bearing pads of the updated model match closely with the NDT data. The results were observed to be overall an excellent match between the updated model and the static NDT data.
The MAC values given in Table 5 were calculated using the first five natural frequencies and associated modes of the updated model ͑Slavsky 2005͒ based on Ewins ͑1986͒. The MAC values of 1 represent a perfect match and 0 represents no match. It was observed that the MAC values of most of the modes had improved over the initial model. Mismatch of Mode 6 is resolved. Some degree of coupling is observed in Modes 4 and 5 and in Modes 7 and 8, which supports the decision to exclude these modes for the measured set. However, these couplings were reduced compared to the initial model.
Similarly, the updated FEM frequencies have a considerably better match with the NDT data than with the initial model as seen in the visual representation of frequencies in Fig. 7 ͑Slavsky 2005͒. In this figure, Case "K&I Updated" uses the parameter estimates of Table 2 and Case "Am Updated" uses Tables 2 and 3 . It should be noted that only five selected modes were used. However, the results of all of the modes were improved after updating the mass parameters. Although certain modeling and experimental errors may have influenced this estimate, it is an excellent match between the predicted frequencies and used NDT Modes 1, 2, 3, 6, and 9 for the UCII grid.
Conclusions
Damage localization and parameter estimation are perhaps the most crucial stages in model updating of structures. The results can be used as a platform for damage assessment, which quantifies the amount and the location of major disparities between the computed response and NDT data. In this research, a multiresponse damage index was developed in response to the shortcomings of current algorithms and techniques. This index can be used to locate damage with either static or modal data or with both types of data concurrently. The proposed damage index shows great potential as it can identify the possible damage location͑s͒, and also reveal whether the damage corresponds to an increase or decrease in stiffness.
Multiresponses parameter estimation provides a robust approach for flexibility-based and mass-based parameter estimation for finite-element model updating. As a direct outcome of this research, the UCII grid parameters were successfully updated and significant improvement was observed in the static displacements, modal frequencies, and mode shapes of the updated finite element of the UCII bridge deck laboratory model. The successful parameter estimation has been possible due to several improvements used in this paper such as error function normalization, use of multiresponse NDT data, stiffness and mass parameter estimation, and use of selected subsets of measurements of static loads as well as modes of vibrations.
Finally, the field application of this method to in-service bridges is to determine the potential locations of damage or to update the structural model of the bridge for future use in a condition assessment program. The damage localization method proposed here uses damage indices based on strain energy calculations using static displacements and mode shapes. The NDT data required for calculating the damage index can be obtained by recording the response of the structure to static loads, such as trucks placed at strategic locations on the bridge. Similarly, mode shapes and frequencies can be extracted from the response of the structure to ambient or forced vibrations. The writers would like to emphasize that the monitoring program needs careful considerations of several factors including but not limited to, the objective and scope of monitoring, type and location of structure, in situ conditions and accessibility of structural components, and cost implications with respect to short-term testing or long-term monitoring. Other significant considerations include choice of the initial analytical ͑finite-element͒ model, uncertainties in the modeling of boundary conditions, and choice of objective functions and parameter estimation algorithm used. With careful planning it is possible to develop an optimal solution catered to the individual structure under consideration for structural health monitoring. Cooperation between both the analytical and experimental teams can assist the creation of a well-planned and wellimplemented nondestructive test for structural parameter estimation and condition assessment.
